Previous studies have demonstrated that bradykinin stimulates the rapid release of inositol 1,4,5 trisphosphate (IP3) from membrane phosphatidylinositol 4,5 bisphosphate (PIP2) in Madin-Darby canine kidney (MDCK) cells. Since current evidence would suggest that the activation of phospholipase C (PLC) is mediated through a guanine nucleotide-binding protein in receptor-mediated activation of PLC, we evaluated the role of guanine nucleotide proteins in receptor-mediated (bradykinin-stimulated) activation of PLC in MDCK cells. ,uM markedly increased the rate of hydrolysis within 10 s, thus demonstrating a similar time course of PLC activation as intact cells. These results demonstrate that bradykinin binds to its receptor and activates a membrane-associated PLC through a pertussis toxin-sensitive, guanine nucleotide protein.
Introduction
The hydrolysis of membrane-associated phosphatidylinositol 4,5 bisphosphate (PIP2)' to water-soluble inositol 1,4,5 trisphosphate (IP3) can be demonstrated in many cell systems in response to a wide variety ofagonists (1) (2) (3) (4) (5) (6) (7) . In rabbit papillary collecting tubule cells (RPCT) in culture, exposure to bradykinin (BK) initiates the hydrolysis of PIP2 by phospholipase C 10-8 M BK for all three responses.
Madin-Darby canine kidney (MDCK) cells assumed to be of distal tubular or cortical collecting duct origin (10) (11) (12) (13) (14) (15) also respond to BK with a rapid increase in IP3 production in sufficient amount to account for the observed intracellular calcium mobilization (16, 17) . In these cells the hydrolysis of PIP2 can also be explained by activation of a phospholipase C initiated by the kinin. Two types of phospholipase C enzymes have been described. A membrane-bound form (18, 19) that is coupled to receptors and is phosphoinositide specific and activated by membrane guanine nucleotide-binding protein, and, a soluble enzyme isolated from human platelets and calf brain (20) (21) (22) (23) (24) (25) (26) , which is also activated by guanine nucleotides, is calcium dependent and relatively specific for polyphosphoinositides.
Currently, there is strong evidence from studies in many tissues that receptor coupling to phospholipase C is mediated by a guanine nucleotide (GTP)-binding protein (G) (27-34).
To study the role of these GTP-binding proteins, islet-activating protein (IAP) (pertussis toxin), which produces ADP ribosylation of the a-subunit of Gi and inactivates its biological activity, has been extensively utilized. In neutrophils (35) (36) (37) (38) (39) (40) (41) (42) , mast cells (43) , and human leukemic cells HL-60 (44, 45) , chemotactic peptide-induced PIP2 hydrolysis and IP3 formation, calcium mobilization, and arachidonic acid release were greatly inhibited by pretreatment of the cells with pertussis toxin. This suggests that a pertussis toxin substrate couples the receptor for f-Met-Leu-Phe, to phospholipase C. Whether the GTP-binding protein that interacts with phospholipase C is identical with Gi (41) has not been ascertained. In neutrophils, pretreatment with pertussis toxin is associated with ADP ribosylation of a single membrane-bound protein (relative molecular mass 41 kD) characterized as the a-subunit of Gi. When Gi (isolated from brain) was added to pertussis toxin-pretreated membranes, f-Met-Leu-Phe-binding affinity and GTPase activity were restored (46).
Previous studies from our laboratory in RPCT demonstrate that pretreatment with IAP inhibits IP3 labeling, calcium mobilization, and PGE2 production after stimulation with BK.
We designed the present studies to determine whether BKstimulated PIP2 hydrolysis and IP3 formation in MDCK cells were influenced by pertussis toxin pretreatment and to test the hypothesis that in an in vitro system of MDCK plasma membranes, the BK receptor is coupled to a membrane-bound PIP2 phospholipase C through a GTP-binding protein. Cell culture and IP3 isolation. MDCK cells were maintained in culture as previously described (10) . For the current studies, cells were grown to confluency in 25-cm2 culture flasks for 48 h in serum-free media and preincubated in the presence and absence of 1AP (200 ng/ml) for 4 h before stimulation with BK lo-' M. Under these conditions pertussis toxin produced a 70% inhibition ofIP3 labeling, calcium mobilization, and PGE2 production in RPCT in culture (data not presented). The reaction was terminated after 10 or 60 s by addition of 5% perchloric acid to a final concentration of 2.5% perchloric acid. Cells were then scraped from the flask, the suspension was centrifuged, and the pellet was assayed for protein (47 (43) . MDCK cells incubated in the presence and absence of IAP (200 ng/ml) for 2 h were suspended in ice-cold buffer consisting of Tris HCI 25 mM, pH 7.4; EDTA 1 mM; dithiothreitol 1 mM; and aprotinin 100 U/ml. Cellular homogenates were prepared with a Dounce homogenizer (five strokes) and pelleted by centrifugation at 100,000 g for 30 min. The membrane pellet was incubated in a final volume of 100 Ml at 300 for 30 min in buffer containing 100 mM potassium phosphate, pH 7.5; 5 mM magnesium chloride; 2 mM ATP; 20 mM thymidine; 10 ,M [32P]NAD; and 10 Mg of cholera or pertussis toxin. A control in the absence of toxin was run in parallel. The reaction was terminated with 10% TCA, and the protein was precipitated, collected by centrifugation, and washed with diethylether to remove the TCA. The protein precipitate was dissolved in SDS sample buffer and the proteins separated by molecular mass on an 11% polyacrylamide SDS-containing gel by method of Laemmli (49) . The gels were then stained, destained, dried, and autoradiographed.
Methods
Preparation ofMDCKplasma membranes and membrane vesicles. MDCK cells were grown to confluency in 75-cm2 culture flasks and plasma membranes were prepared as previously described for fibroblasts (50 
Results
The HPLC anion exchange system of separation of the polyphosphoinositides used in the present study is depicted in Fig.  1 . This allowed us to isolate the inositol 1,4,5 trisphosphate isomer away from the 1,3,4 isomer, which migrated ahead of the 1,4,5 isomer, and also to perform alkaline phosphatase hydrolysis of the phosphate groups. We also observed as in platelets (51) (Fig. 2) . The increase in IP3 formation in response to BK was significant at the P < 0.01 level, and the TAP-treated level was significantly different from BK alone at P < 0.01 level and from basal level at P < 0.05 level. Larger doses of IAP do not reduce this level completely to basal and the maximum inhibition in our hands was 75%. The experiments carried out in intact MDCK cells demonstrated a marked stimulation of PIP2 hydrolysis after bradykinin stimulation with a 15-fold increase in the intracellular IP3. The difference between this study and our earlier study (16) is in the basal level of IP3. The current HPLC system while it does not totally resolve 1,3,4 IP3 from 1,4,5IP3 is much better than our previous HPLC system, which did not separate the two isomers. Thus (Fig. 4) demonstrate an increase in BK-induced [3H]PIP2 hydrolysis over and above that of GTP alone at low Ca2+ concentration (Fig. 7) . At 0 Ca2+ no hydrolysis was observed and at 2 jIM Ca2+ BK caused no hydrolysis over and above that produced by GTP alone. These observations are similar to the observation by Magnaldo et al. (50) . When MDCK membranes were prepared from pertussis toxin-treated cells the stimulation of GTP plus bradykinin was inhibited at 10 s of incubation ( Fig.  8 ) and this inhibition persisted at 60 s (data not shown). These results in MDCK cell membranes are consistent with the observations in intact MDCK cells where BK stimulates a very rapid hydrolysis of PIP2 with formation ofIP3 through a GTPbinding protein that couples the bradykinin receptor to a membrane-bound phospholipase C. 
Discussion
We report here the presence of a membrane-associated phospholipase C in intact MDCK cells that in the presence of bradykinin initiates the hydrolysis of PIP2 with the rapid formation (10 s lipase C. A 41-kD pertussis toxin substrate detected by SDS polyacrylamide gel electrophoresis in our MDCK membrane preparation would suggest that this protein could be the a-subunit of.Gi, which is ribosylated when the cells in culture are pretreated with IAP. The role of guanine nucleotides in regulating-calcium-mobilizing receptors was suggested by early studies (28, 52) where it was demonstrated that guanine nucleotides could promote mast cell secretion and stimulation ofdiacylglycerol formation from permeabilized platelets. A more direct demonstration that guanine nucleotides regulated the activity .of a membrane-bound PLC comes from studies in blowfly salivary gland membranes and polymorphonuclear leukocyte membranes (36, (53) (54) (55) . In these studies a guanine nucleotide dependency of agonist action on PIP2 breakdown was observed, and is similar to our observations in the current studies. Current available data suggest that receptor coupling to phospholipase C is mediated through a GTP-binding protein. In neutrophils the G protein is ADP ribosylated and inactivated by pertussis toxin and the ribosylated subunit has a molecular mass very similar to the a-subunit of Gi. In other cell systems as pituitary GH3 (56), pancreatic acinar (57), and liver (58), the G protein involved in Ca2' mobilization appears to be insensitive to pertussis toxin treatment, suggesting that it is distinct from Gi or that the pertussis toxin does not penetrate the cell. Thus, at present it is not clear whether there are differences in the nature of the G protein that couples receptors to phospholipase C in different cell types or whether there is a similar G-binding protein that differs from Gi in its susceptibility to ribosylation and inactivation by pertussis toxin (59) . The possibility ofdifferent molecular forms -ofpertussis toxin-sensitive GTP-binding proteins has recently been demonstrated (60) .
In'these experiments we can demonstrate that the membrane preparation contains the BK receptor, the GTP-binding protein, and a membrane-associated phospholipase C. On addition of GTP to the membranes in the presence of exogenous PIP2 substrate, GTP increases the rate of hydrolysis ofthe PIP2 substrate. Furthermore, the addition of BK further stimulates the initial rate of PIP2 hydrolysis, thus demonstrating an increase in the rate ofhydrolysis over and above that due to GTP alone. This difference was marked at 10 s with a threefold increase but-was no longer significant at 60 s. These observations are similar to the intact MDCK cells when BK stimulates IP3 formation at 10 s and is back to control by 60 s. Previous studies in neutrophils and fibroblasts (50, 54, 55) did not separate the different isomers for IP3, when the guanine nucleotide-dependent activation of phospholipase C was studied.
Calcium-dependent stimulation ofPIP2 hydrolysis by GTP + BK was observed only at low free Ca2`concentrations which were fixed by Ca2+/EGTA buffers to mimic cytoplasmic calcium. This low requirement for Ca2+ in the BK activation of PIP2 hydrolysis by membrane phospholipase C is consistent with the observation that phospholipase C acting on PIP2 as the substrate can proceed at' nanomolar Ca2+ concentrations and even in the presence of EGTA (61) . This guanine nucleotide dependency of BK. stimulation was clearly demonstrated under these conditions. We propose a model ofcell activation in MDCK cells (Fig.  9) . Bradykinin (BK) couples to the receptor through a guanine nucleotide protein (GNP), with activation of a membranebound phospholipase C (PLC) and subsequent-hydrolysis of PIP2 and rapid formation of IP3 and diacylglycerol (DAG) . This activation is inhibited by pertussis toxin (lAP), which causes ADP ribosylation of a 41-kD protein similar to the o-subunit of Gi.
